Hydroxylation of lysine and glycosylation of hydroxylysine during collagen biosynthesis in isolated chick-embryo cartilage cells were studied by using continuous labelling and pulse-chase labelling experiments with ['4C] continued during the chase period for about 20min. The data suggest that these reactions are continued after the release of complete polypeptide chains into the cisternae of the endoplasmic reticulum, whereas the reactions are probably not continued after the formation of the triple helix and the movement of the molecules into the Golgi vacuoles.
Hydroxylation of lysine and glycosylation of hydroxylysine during collagen biosynthesis in isolated chick-embryo cartilage cells were studied by using continuous labelling and pulse-chase labelling experiments with ['4C] continued during the chase period for about 20min. The data suggest that these reactions are continued after the release of complete polypeptide chains into the cisternae of the endoplasmic reticulum, whereas the reactions are probably not continued after the formation of the triple helix and the movement of the molecules into the Golgi vacuoles.
The biosynthesis of the collagen molecule involves a number of post-translational modifications of the initial polypeptide chains. Some of these modifications take place before procollagen is secreted from the cells into the extracellular matrix and some of them occur after the secretion. The intracellular modifications consist ofhydroxylation of appropriate proline and lysine residues to hydroxyproline and hydroxylysine residues, glycosylation of appropriate hydroxylysineresiduestogalactosylhydroxylysine and glucosylgalactosylhydroxylysine residues, chain association, disulphide bonding and formation of the triple helix (for reviews on collagen biosynthesis see: Schofield & Prockop, 1973; Bornstein, 1974; Martin et al., 1975; Prockop et al., 1976) .
A number of observations have indicated that the hydroxylations of proline and lysine residues are initiated while the polypeptide chains are growing on the ribosomes, but that they are continued after the release of completed polypeptide chains from the ribosomes into the cisternae of the endoplasmic reticulum (see: Harwood et al., 1975a; Prockop et al., 1976) . In a study on subcellularfractionation of [14C]lysine-labelled chickembryo fibroblasts Brownell & Veis (1975) demonstrated that the glycosylations of hydroxylysine residues are likewise initiated while the polypeptide chains are still in the stages of assembly on the ribosomes, but it is not known whether they are continued in other compartments of the cell. Assays of collagen galactosyltransferase and collagen glucosyltransferase activities in subcellular fractions of chick-embryo Vol. 156 tendon cells indicated that most of these enzyme activities were associated with the rough-endoplasmic-reticulum fraction, but significant amounts were also present in the smooth endoplasmic reticulum (Harwood et al., 1975b) .
Studies on the properties of collagen galactosyltransferase (Risteli et al., 1976) and collagen glucosyltransferase (Myllyla et al., 1975b) have indicated that, although these enzymes catalyse in vitro additional glycosylation of hydroxylysine residues in denatured collagens, they do not catalyse the reaction with native collagen. These observations suggest that in the biosynthesis of collagen the glycosylation reactions take place before the triple-helix formation of the polypeptide chains. Other studies suggest that the disulphide bonding (Harwood et al., 1973 (Harwood et al., , 1975a Uitto & Prockop, 1973 , 1974 Schofield et al., 1974) and the triple-helix formation (Olsen et al., 1975; Prockop et al., 1976) occur before the procollagen polypeptide chains pass from the cisternae of the endoplasmic reticulum into the Golgi vacuoles. On the basis of these indirect observations, it seems likely that the glycosylation reaction would not continue within the Golgi vacuoles.
Cartilage cells synthesize type II collagen, which differs from type I collagen of tissues such as bone, skin, tendon and dentine owing to the relatively high extent of hydroxylation of lysine residues and glycosylation of hydroxylysine residues (Miller, 1971) . Studies on the biosynthesis of cartilage procollagen have indicated that the disulphide bonding and the triple-helix formation occur considerably later in the 18 545 biosynthesis of ths collagen than in that of type I collagen in tendon cells (Uitto & Prockop, 1973 , 1974 Schofield et al., 1974; Harwood et al., 1975a) . Pulse-chase experiments with isolated chick-embryo cartilage cells have indicated that after a 4min pulselabel a chase period of more than 12min (Harwood et al., 1975a) or of about 18min is required for maximal disulphide bonding. The triple-helix formation was found to occur soon thereafter . However, the maximal values found in the tests used by suggest that only about one-half of the intracellular procollagen polypeptide chains became disulphide bonded and triple-helical.
In the present work we studied the time-courses for hydroxylation of lysine residues and glycosylation of hydroxylysine residues in isolated chick-embryo cartilage cells. Special emphasis was laid on the question of whether the glycosylations take place mainly within 15-20min after a 5min pulse-label, suggesting that they would occur within the cisternae of the endoplasmic reticulum before the triple-helix formation, or whether they take place mainly after a chase period of more than 15-20min, suggesting that they occur within the Golgi vacuoles. Galactosylhydroxylysine and glucosylgalactosylhydroxylysine were prepared from sponge collagen as described previously (Katzman et al., 1972;  Anttinen & .
Exeimental Materials
Isolation and incubation of matrix-free cells from cartilage Cells were isolated by enzymic digestion from the sterna of 17-day-old chick embryos by using trypsin and collagenase (Dehm & Prockop, 1973) . The cells were filtered through lens paper and then washed three times with modified Krebs medium containing 20 % (w/v) foetal calfserum (Dehm &Prockop, 1973 (Dehm & Prockop, 1973) . The radioactive isotopes were added as indicated in various experiments and, after the incorporation periods indicated, 2.Oml samples of the incubation system (cells plus medium) were quickly pipetted into test tubes containing 0.1 vol. of modified Krebs medium with sufficient cycloheximide and aa'-bipyridyl to provide a final concentration of lOO,ug of cycloheximide and 1 1umol of aa'-bipyridyl/ ml (Dehm & Prockop, 1971) . The samples were centrifuged at 1200g for 10min at room temperature (23°C) in order to separate the medium from the cells and the cell pellet was washed with 1.5ml of modified Krebs medium containing 100ug of cycloheximide and 1 umol of oa'-bipyridyl/ml. The sample was then re-centrifuged and the wash solution was discarded.
Assays
After incubation with [(4C] proline, the medium and cell fractions were dialysed against running tap-water for 24-48 h and the retained materials were hydrolysed in sealed tubes in 6M-HCI at 120°C overnight. The hydrolysed samples were evaporated on a steam bath and dissolved in 4ml of water. The hydroxy[14C]proline content was assayed by a specific radiochemical procedure (Juva & Prockop, 1966) .
After incubation with [14C]lysine, the medium and cell fractions were dialysed against running tap-water as above. The samples were evaporated on a steam bath and hydrolysed with 2.Oml of 2M-NaOH in sealed disposable glass ampoules at 105°C for 24h. After hydrolysis the samples were diluted with 4ml of water and titrated with 2M-HCi to pH3.
The samples were applied to small columns (1 cm x 3 cm) containing 1 g of Dowex 50 (X8, H+ form), and the columns were washed with 7ml of 0.1 M-sodium citrate/sodium phosphate buffer, pH3, followed by lOml of water (Myllyl& et al., 1975a) . The columns were then eluted with 7ml of 1.5M-NH3. The NH3 was evaporated from the eluates over a steam bath and the samples were dissolved in 2m1 of the buffer used for amino acid analysis. A small portion was taken for the assay oftotal radioactivity in the sample and the rest was assayed in the amino acid analyser.
In some experiments a sample treated as described above was divided into three portions. One of them was analysed in the amino acid analyser, whereas the other two were hydrolysed further, one with 6M-HCI at 110°C for 12h, and the other with 0.2M-HCI at 1 10°C for 3 h. They were then evaporated and Time (min) Fig. 1 the Experimental section, and part of the sample was hydrolysed with NaOH and prepared for amino acid analysis. Other parts of the sample were hydrolysed further with either 0.20M-or 6M-HCI.
Several peaks of radioactivity were found in the amino acid analysis after hydrolysis with NaOH (Fig. lb) . One of them was eluted at 54min, the position corresponding to that of glucosylgalactosylhydroxylysine standard (Fig. la) . After mild acid hydrolysis this peak disappeared (Fig. ic) . One peak was eluted at 89min after NaOH hydrolysis (Fig. lb) , like the galactosylhydroxylysine standard. After hydrolysis with 0.20M-HCI the size of this peak increased (Fig. ic) and after hydrolysis with 6M-HCI this peak disappeared (Fig. Id) . Hydroxy[14C]lysine was eluted at 165-175min as a split peak ( Fig. la and Ib). After mild or strong acid hydrolysis the size of this peak increased. [14C]Lysine was eluted at 220-230min (Figs. la and Ib).
In order to study whether the peaks ofradioactivity that were eluted in the positions corresponding to glucosylgalactosylhydroxylysine and to galactosylhydroxylysine standards contained any non-specific radioactivity, one portion of the above sample after NaOH hydrolysis was analysed by using the long programme of the amino acid analyser, as described in the Experimental section. The ratio ofradioactivity in the glucosylgalactosylhydroxylysine peak to that in the galactosylhydroxylysine peak was identical with the ratio obtained with the standard assay procedure (not shown). and no definite time-lag could be observed between the hydroxylation and the glycosylations. The experiments were continued by carrying out pulse-chase experiments. Cartilage cells (3.6 x 108)
were pulsed with 60OuCi of [14C]lysine for 5min and the pulse was stopped by adding 3mg of unlabelled lysine. Small samples were taken after the incubation times indicated, and at each time-point total nondiffusible radioactivity and hydroxy["'C]lysine and its glycosides were assayed. The total radioactivity did not increase significantly during the chase period (Fig. 5) . The hydroxylation of ["'C]lysine increased during the chase period for about 20min and was relatively constant thereafter. The galactosylation and glucosylation of hydroxy[14C]lysine increased likewise for about 20min during the chase period and remained constant thereafter (Fig. 6a) . The increase in the amount of glucosylgalactosylhydroxy["'C]-lysine was larger than the increase in the amounts of galactosylhydroxy[14C]lysine and non-substituted hydroxy["'C]lysine during the chase period (Fig. 6b) . The ratio of substituted hydroxy["4C]lysine to total hydroxy["'C]lysine was 0.77 in the cells after a 30min chase period, and 0.65 in the medium after a 60min chase period. 
Discussion
Previous studies on isolated cartilage cells have indicated that in continuous labelling experiments the incorporation of proline becomes linear after about 2min, the hydroxylation of proline after about 4min, and the secretion of collagen after about 37min (Dehm & Prockop, 1973) . Pulse-chase experiments with similar cells have further indicated that after a 4min pulse-label a chase period of more than 12min or about 18min is required for maximal disulphide bonding and that the triple-helix formation occurs soon thereafter Harwood et al., 1975a (Dehm & Prockop, 1973) .
In the assay of the labelled compounds by amino acid analyser several peaks of radioactivity were found. However, all compounds studied here could be separated from the extra peaks and experiments with different hydrolysis conditions confirmed the identification of the hydroxylysine glycoside peaks. A similar presence of extra peaks of radioactivity after labelling with ['4C)l ysine had been previously reported by Brownell & Veis (1975) . Because hydroxylysine and the hydroxylysine glycosides are found only in collagen, no purification of the protein itself was required. However, lysine is present in many other proteins too and thus the ratio of hydroxy[14C]lysine to total radioactivity was lower than that reported for purified collagen.
In the continuous labelling experiments with (14C]-lysine, the formation of hydroxy['4C]lysine was linear after about 4min and thus the hydroxylation of lysine was linear at about the same time as the hydroxylation of proline. The galactosylation of hydroxylysine and the glucosylation of galactosylhydroxylysine were linear after about the same time. Previous studies have indicated that the hydroxylations of proline and lysine residues are initiated while the polypeptide chains are growing on the ribosomes (see the introduction). Because no significant lag could be found between the hydroxylation of lysine and the glycosylation of hydroxylysine, the present data suggest that the glycosylations are also initiated while the polypeptide chains are growing on the ribosomes. This suggestion is in agreement with recent data on the intracellular location of these glycosylation reactions in cultured chick-embryo fibroblasts (Brownell & Veis, 1975) . The data are also consistent with previous findings that indicated that there is apparently no significant lag period between the hydroxylation of lysine residues and the glycosylation of hydroxylysine residues during the biosynthesis of basement-membrane collagen (Grant et al., 1972; Clark et al., 1975) .
The pulse-chase experiments provided further information on the time-courses of the hydroxylation of lysine residues and the glycosylations of hydroxylysine residues. After a 5 min pulse-label, the hydroxylation and the two glycosylations continued during the chase period for up to about 20min, but no further increase in the formation of the products of any of these reactions occurred after this time-point. This is the time-point when the triple helix is formed during collagen biosynthesis in the cartilage cells, and the 1976 molecules then pass from the cisternae of the endoplasmic reticulum into the Golgi vacuoles (see the introduction). The synthesis time of a pro-a chain in the cartilage cell is about 6min (Miller et al., 1973) . Since it seems unlikely that the chains would remain bound to the ribosomes until the 20min time-point during the chase period, the present data suggest that the hydroxylation oflysine residues and the glycosylations of hydroxylysine residues in the cartilage cells are continued within the cisternae of the endoplasmic reticulum after the release of completed polypeptide chains from the ribosomes. Because none of these reactions were continued after about 20min, it seems probable that no significant hydroxylation of lysine residues or glycosylation of hydroxylysine residues took place within the Golgi vacuoles. The data are consistent with reports on the properties of lysine hydroxylase (Kivirikko et al., 1973; Ryhanen & Kivirikko, 1974) , collagen galactosyltransferase (Risteli et al., 1976) and collagen glucosyltransferase (Myllyla et al., 1975b) , indicating that these enzymes do not catalyse the reactions with native collagen consisting of triple-helical molecules. During the preparation of the present paper, Harwood et al. (1975c) reported data in different experiments with cartilage cells, which likewise suggest that the collagen-glycosylation reactions are initiated on growing peptide chains attached to membrane-bound ribosomes, and that these reactions are essentially complete when the molecules have moved into the smooth endoplasmic reticulum and Golgi vacuoles.
